While it has been known for decades that the essential function of selenium was in the form of its incorporation as selenocysteine into selenoproteins-including the enzyme glutathione peroxidase-4-now, Ingold et al. (2018) reveal the precise role of selenolate-based catalysis by this enzyme. and of course, he was not talking about elements in any case. That said, a paper in this issue of Cell (Ingold et al., 2018) tells a detective story of two elementsselenium and iron-and how their roles in biology are intertwined in a way that illustrates one of Holmes's maxims: ''There is nothing more deceptive than an obvious fact.' ' We have known that selenium has biological roles since the 1950s, and since the 1970s, we have known that its function is in the form of selenoproteinsincorporating the ''21 st '' amino acid, selenocytsteine (Sec)-including the enzyme glutathione peroxidase-4 (GPX4) (Bö ck et al., 1991) . Now, more than 50 years later, Conrad and colleagues (Ingold et al., 2018) have elucidated the precise role of Sec in the essential function of GPX4. Although it was ''obvious'' that Sec was required for GPX4 function, this ''fact,'' as it turns out, was deceptive. Mice lacking GPX4 die around embryonic day (E) 7.5, as do animals in which Sec residues in GPX4 are mutated to serine (Ser). The authors generated animals in which these Sec residues are instead mutated to cysteine (Cys) (GPX4 Cys/Cys ), and remarkably, these animals on the 129Sv background develop normally. Post birth, these GPX4 Cys/Cys mice succumb to lethal seizures attributed to the loss of PV + GABAneurgic neurons.
Cells from GPX4 Cys/Cys animals fail to incorporate selenium into GPX4 but show GPX4 activity, albeit greatly reduced. It is reasonable to conclude that this limited GPX4
Cys/Cys activity is sufficient to sustain embryonic development. Indeed, using animals in which a floxed wild-type allele could be inducibly deleted, adult mice acutely lacking GPX4 or expressing only GPX4 Ser succumb to lethal kidney damage in about two weeks following deletion of the wild-type allele, whereas mice expressing only GPX4 Cys remain asymptomatic following such deletion. In contrast to the 129Sv background, however, crossing the GPX4 Cys/Cys to the C57BL/6 background results in embryonic lethality.
To understand these results, it is necessary to consider the function of GPX4. GPX4 is a lipid peroxidase, the only peroxidase that reduces toxic lipid peroxides in animal cells. These peroxides are generated when ferrous iron (Fe 3+ ) is imported into cells via transferrin-mediated transport, and together with hydrogen peroxide (H 2 O 2 ; e.g., generated in mitochondria), Fe 3+ acts via the Fenton reaction on polyunsaturated fatty acids to form lipid peroxides (see Figure 1 ). Left unchecked, these can spontaneously propagate, directly damaging membranes or generating other toxic products. GPX4 converts lipid peroxides to non-toxic lipid alcohols but must be recycled by the action of two glutathione molecules. Glutathione is generated from NAPDH, glutamine, and Cys, the latter imported via the amino acid antiporter System Xc À . Cys deprivation, inhibition of System Xc À , or inhibition of GPX4 can kill cells in a manner that depends on iron, transferrin, and Acyl-coenzyme A (CoA) synthetase-4 (ACSL4) required for the generation of polyunsaturated fatty acids (Stockwell et al., 2017) . This form of cell death, distinct from other modalities (e.g., apoptosis or necroptosis), is called ''ferroptosis.'' However, despite the low GPX4 activity in cells expressing GPX4
Cys/Cys , the authors find that these cells are actually relatively resistant to the induction of ferroptosis induced by pharmacologic inhibition of System Xc À . This may be because these cells compensate for the low GPX4 activity by lowering their expression of ACSL4, which is required for ferroptosis. C57BL/6 mice carry an inactivating mutation in the gene encoding the mitochondrial NAD(P) transhydrogenase-important for NADPH metabolism-and as a consequence, display lower levels of glutathione than other strains (Ronchi et al., 2013 Cancer cells that survive treatment with chemotherapeutics (''persisters'') consequently display increased sensitivity to the induction of ferroptosis via inhibition of GPX4 (Hangauer et al., 2017) . This raises the intriguing possibility that dietary selenium deprivation may actually benefit outcomes of chemotherapy. This would be counter-intuitive, as selenium-deficient individuals are at elevated risk for different cancers and benefit from selenium supplementation (Rayman, 2012) . We can, however, speculate further. If, as in GPX4
Cys/Cys animals, individuals deprived for long periods of selenium compensate by reducing ACSL4 expression, ferroptosis may be impaired over time. Studies have suggested that the tumor-suppressive activity of p53 depends, in part, on p53-mediated repression of SLC7A11, required for System Xc À and thus ferroptosis (Jiang et al., 2015) . If so, then perhaps the cancer risk associated with long-term selenium deficiency might represent a loss of this tumor-suppressive activity. In contrast, it is conceivable that acute selenium deprivation might have the opposite effect via promoting ferroptosis in cells that persist during chemotherapy. Selenium deficiency is also associated with cardiovascular disease, especially upon viral infection, such as Keshan disease, which manifests in seleniumdeprived individuals with Coxsackie virus infection (Rayman, 2012; Rose and Hoffmann, 2015) . This disease is associated with necrotic injury to the heart, and it would be interesting to know if this is due to ferroptosis. The GPX4 Cys/Cys mouse (perhaps the inducible adult version) may prove an invaluable model for the study of this and related conditions.
Figure 1. Function of GPX4
Iron (Fe 3+ ), imported via the transferrin receptor, reacts with H 2 O 2 (e.g., from mitochondria) via the Fenton reaction to oxidize polyunsaturated fatty acids (PUFA) that are generated by the action of Acyl-CoA synthetase-4 (ACSL4), resulting in lipid peroxides (L-OOH). L-OOH are lethal if unchecked. The selenoprotein GPX4 converts L-OOH to non-toxic lipid alcohols (L-OH) but must be regenerated by the action of two glutathione (GSH) molecules. GSH is generated from NADPH, glutamine, and cysteine, the latter imported by System Xc À . Deprivation of cysteine, or inhibition of GPX4 or System Xc À , can result in cell death that depends on iron, transferrin, and ACSL4 (ferroptosis).
